An interaction layer is found at the Al/SiO 2 interface in Al/AlO x /Al tunnel junctions grown on SiO 2 substrates. The amorphous intermixing layer has an average thickness of about 5 nm. We present the detailed structure of this interfacial layer as determined by transmission electron microscopy. The layer contains alumina with aluminum being octahedrally coordinated according to electron energy loss spectroscopy analysis rather than tetrahedrally coordinated, where the latter coordination is the most common type in amorphous alumina. Depth profiles of the Al-O and Si-O bonding characteristics were also investigated using energy loss near edge structure. 
I. INTRODUCTION
To achieve long coherence time in superconducting quantum electronics, noise in quantum circuits needs to be minimized since it can cause dissipation and destroy the coherence state in the circuits. In recent years, significant research effort is concerned with the origin of the noise and consequently the way to diminish it in the superconducting devices. [1] [2] [3] [4] [5] [6] The charge noise in single electron transistors (SETs) made from Josephson junctions is understood to originate from the dielectric environment of the junctions. 7, 8 Decoherence in superconducting qubits may also be caused by noise originating from defects accommodated at the qubit/dielectric interfaces. 4, 5 Hence, studying the microstructure at the interface between the Josephson junction and the dielectric substrate is of great importance for figuring out the possible sources of noise in Josephson junction based superconducting devices. Though electric measurements on different superconducting devices have provided crucial information about the interaction between the junction and the substrate dielectrics, [1] [2] [3] [4] [5] [6] [7] [8] direct analysis of the interface structure in such junctions is still lacking and is needed for identifying the structural origins of noise.
In this work, we have studied the detailed interface structure between Al/AlO x /Al tunnel junctions and amorphous SiO 2 substrates by using atomic resolution transmission electron microscopy (TEM). An interaction layer was found at the interface by both TEM and scanning transmission electron microscopy (STEM) imaging. The elemental distribution and local chemical state of the material at the interface were analyzed using energy filtered transmission electron microscopy (EFTEM) and electron energy loss spectroscopy (EELS). The high spatial resolution of our STEM and EELS data, which reaches beyond 1 nm, also reveals further details about the change in atomic structure as a function of distance from the film/substrate interface compared to previous studies on the reaction at Al/SiO 2 interface under different circumstances. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] In addition, we found a novel form of alumina in the interaction layer according to TEM analysis. The interaction at the interface and the special structure of the material in the interaction layer may provide new insights about the effect of the dielectric environment on the junctions in these superconducting devices.
II. EXPERIMENT
The Al/AlO x /Al tunnel junctions were deposited on SiO 2 (0.4 lm)/Si (350 lm) substrates. The bottom Al electrode layer was thermally deposited with a rate of about 10 Å /s with the substrate at room temperature. The Al layer was then exposed to 0.1 millibar of oxygen during 10 min resulting in a thin AlO x film on the surface of the Al layer. The top Al electrode was deposited in the same way as the bottom Al layer but with longer deposition time to form a thicker top layer. The nominal thicknesses of the Al layers were 15 nm and 60 nm, respectively. The tunnel junctions with a junction area of 0.08 lm 2 (400 nm width and 200 nm overlap length) had a normal resistance of 1 kX and low subgap current. 20 Both patterned and unpatterned samples were used in our study.
Cross-section TEM samples were prepared by mechanical polishing and dimpling followed by argon ion milling to electron transparency. A Philips CM200 TEM with a field emission gun and equipped with a Gatan Imaging Filter (GIF) 2000 was used at 200 KV for bright field (BF) TEM imaging and EFTEM. An FEI Titan 80-300 TEM/Scanning TEM (STEM) with probe C s -corrector and a high energy resolution Tridium GIF was used for STEM imaging and STEM-EELS measurements using 300 kV as accelerating voltage. Annular dark field (ADF) STEM images were acquired using a 19.7 mrad beam convergence angle and 40-200 mrad detector collection angle. The collection angle for EELS experiments was 24 mrad. The probe size for the STEM imaging and the STEM-EELS measurements was estimated to be measured as the full width at half maximum (FWHM) of the zero-loss peak acquired without the specimen. The DigitalMicrograph and EL/P software were used for EELS and EFTEM data processing.
III. RESULTS AND DISCUSSION
A typical Al/AlO x /Al tunnel junction on a SiO 2 /Si substrate is shown in Fig. 1 . Both patterned and unpatterned samples show the same interface structure at the Al/SiO 2 interface. Fig. 1(a) shows an overview of the multilayer structure of the junction. The Al layers are polycrystalline as evidenced by the contrast variation between different crystal grains. In Fig. 1(b) , contrast variation appears in the image beneath the bottom Al layer at the Al/SiO 2 interface. The Al layer is crystalline and lattice fringes from the Al grains are clearly visible. The layers beneath the Al are amorphous as evident from diffuse rings in the electron diffraction patterns and the absence of diffraction contrast in the images.
The interfacial region has a lower intensity level compared to the SiO 2 . The width of the darker region varies between 4 and 7 nm along the interface (as also can be seen in Fig. 2(a) ) and the average width is about 5 nm. The difference in contrast between the interfacial region and the SiO 2 substrate suggests that the mass-thickness is higher of the interfacial region compared to the SiO 2 giving rise to the lower image intensity. A higher mass-thickness of the interfacial region is consistent with the complementary results from ADF STEM imaging, Fig. 1(c) , where the intensity level of the interfacial layer now is higher. The ADF intensity at high scattering angles is a result of Rutherford scattering and varies approximately as Z 1.7 (Z is atomic number). 21 It is unlikely that the intensity variation is due to a specimen thickness variation since there are no other indications of a step-like thickness variation according to our EFTEM and EELS thickness measurement. The composition and structure of the interfacial layer were studied using EFTEM and EELS measurements. Fig. 2 shows an EFTEM oxygen map and the corresponding bright field TEM image. A variation of the oxygen signal is observed both at the tunnel barrier and at the Al/SiO 2 interface. The width of the barrier layer (full width at half maximum) is about 1.5 nm and the width of the interfacial layer is about 5 nm.
In order to clarify the composition and structure of the interfacial layer, spatially resolved STEM-EELS analyses were carried out across the interface from the bottom Al layer into the SiO 2 substrate, as shown in Fig. 3(a) . The positions where the STEM-EELS spectra were recorded at the interface are marked in Fig. 1(c) . Two arrows indicate the start and end positions of the line scan. The background of each EEL spectrum was subtracted using the power-law model. 22 The distance between each spectrum was about Figs. 3(a) and 3(b) . The midpoint of the edge onset of Al 0 L edge is at 72.5 eV. As the probe moved towards the SiO 2 substrate, the L edge of the metallic Al degraded gradually, while a new edge appeared at about 79.5 eV, followed by a small bump peaked at around 84 eV (spectrum 9 in Figs. 3(a)-3(c) ). These features belong to the Al L 23 edge of alumina (Al 3þ ). Thus, we conclude that alumina is formed at Al/SiO 2 interface. The shift of the peak at round 97 eV of Al 0 L edge towards the higher energy direction is also visible in Figs. 3(a) and 3(b) . Since the L edge of Si 0 arises at around 100 eV and overlaps with Al 0 L edge, this shift indicates the presence of elemental Si (Si 0 ) in the interfacial layer. As the electron probe moved further towards the SiO 2 , the L edge of Si 0 became more profound while the L edge of Al 3þ gradually diminished and almost disappeared (spectrum 10 to spectrum 23 in Fig. 3(a) ). At the same time, the Si L 23 edge of SiO 2 started to appear at 105 eV (midpoint of edge onset). The Si 4þ L 23 ELNES peak intensity increased gradually towards SiO 2 although the Si 4þ L 23 fine structure did not differ in this area (spectrum 20 to 24). The bottom spectrum in Fig. 3(a) is identical to those observed in amorphous SiO 2 and silicates containing SiO 4 tetrahedra. 24, 25 The free energy of the Al-O bond is lower than that of Si-O, thus the formation of alumina can be understood in terms of breaking the Si-O bonds promoted by impinging Al atoms and clusters during the film deposition combined with formation of the thermodynamically favorable Al and O bonds. The solid-state reaction at the Al/SiO 2 interface in these Al/AlO x /Al Josephson junctions is consistent with previous investigations performed at the interface between Al thin films and SiO 2 prepared at various conditions. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] This reaction can be described by 4Al þ 3SiO 2 ¼ 2Al 2 O 3 þ 3Si þ 176.4 kcal/mol. 10, 12, 16, 18 However, there are two points to notice based on our STEM-EELS analysis. First, we found an unusual form of alumina at the Al/SiO 2 interface resulting from a solid-state reaction. By utilizing techniques such as X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES), previous investigations revealed that the interfacial alumina maintains the characteristic of stoichiometric Al 2 O 3 .
10,11 In Ref. 12, the interfacial alumina is identified as g-Al 2 O 3 by electron diffraction. We found that the reaction layer at Al/SiO 2 interface in our junctions is amorphous but the EELS fine structure of the Al L edge (e.g., spectrum 9) of this interfacial layer is different from that of the ordinary amorphous alumina (amorphous-Al 2 O 3 ). The Al L 23 ELNES acquired in the interfacial layer (spectrum 9) and that of the amorphous Al 2 O 3 (adopted from Ref. 23 ) are both plotted in Fig. 3(c) for comparison. It is known that Al L 23 ELNES in EELS is sensitive to the coordination of Al in the systems containing Al-O bonding such as alumina and silicate. [26] [27] [28] [29] As confirmed in previous experimental and theoretical studies, [26] [27] [28] the peak at about 79.5 eV arises from the octahedrally coordinated Al cations, while the one near the edge onset at about 77.6 eV is highly characteristic of Al sites with coordination number four in the amorphous phase. 23 The spectra we obtained from the interfacial region show a profound peak positioned at 79.5 eV and an abrupt edge onset without any fine features in the range from the edge onset to the peak position (Fig. 3(c) ). We thus conclude that the amorphous alumina that formed at the Al/SiO 2 interface has Al and O atoms arranged as AlO 6 octahedra, which resembles the atomic arrangement in crystalline a-Al 2 O 3 .
Second, STEM-EELS unveiled the depth distribution of elements with higher spatial resolution compared to other techniques like XPS and AES. In the region close to Al film, Al 2 O 3 and Si coexist as a result of the reaction between Al and SiO 2 (spectrum 9 in Figs. 3(a) and 3(b) ). In the region further away from Al, the amount of Al 2 O 3 decreases and SiO 2 starts to appear while there is still some amount of elemental Si (spectrum 17 in Figs. 3(a) and 3(b) ). Even in the region where SiO 2 is dominant in the material, there is still Si coexisting with SiO 2 (e.g., spectrum 23 in Figs. 3(a) 
IV. CONCLUSION
In conclusion, we found an amorphous intermixing layer at the interface between the bottom Al layer and the SiO 2 substrate in Al/AlO x /Al junctions grown on the SiO 2 /Si substrate using TEM. The intermixing layer is about 5 nm in thickness and consists of alumina in which Al is predominantly octahedrally coordinated. According to the Al ELNES analysis, the Al-O bonding characteristic of the interface alumina layer is different from that of the most common type of amorphous Al 2 O 3 in which the Al atoms are predominantly tetrahedrally coordinated. There is a diffused depth distribution of alumina, Si, and SiO 2 at the interface. An intermediate layer was found between the interfacial alumina layer and the SiO 2 , where there is little Al or Si ELNES signal. These results show that there is a redistribution of Al, O, and Si atoms at the junction/substrate interface, which may play an important role in understanding the low frequency charge noise behavior of single electron transistors and decoherence in aluminum based qubits.
